Geothermal springs in India, formed as a result of volcanic or tectonic activities, are characterized by high temperature and relatively abundant reduced compounds. These thermal springs are inhabited by characteristic thermophilic organisms including cyanobacteria. Cyanobacteria are among the few organisms that can occupy high temperature aquatic environments including hot springs. In alkaline and neutral hot springs and streams flowing from them cyanobacteria can form thick colourful mats that exhibit banding patterns. The present investigation involves study of mat forming cyanobacterial flora from hot springs located in Bakreswar, West Bengal, India. The important species found are Synechococcus bigranulatus, S. lividus, Gloeocapsa gelatinosa, G. muralis, Phormidium laminosum, P. frigidum, Oscillatoria princes, O. fragilis, Lyngbya lutea, Pseudanabaena sp., Calothrix thermalis, and Fischerella thermalis. Their distribution pattern in relation to physico-chemical parameters of spring water has also been studied. Three cyanobacterial strains of the above mentioned list were grown in culture and their pigment content and nitrogen fixing capacity were also studied. Nitrogen fixing capacities of Calothrix thermalis, Nostoc sp. (isolated in culture) and Fischerella thermalis are 5.14, 0.29, and 2.60 n mole C 2 H 4 /µg of Chl-a/hr respectively. Carotenoid : Chlorophyll-a ratio of four mat samples collected from Kharkunda, Suryakunda, Dudhkunda and bathing pool are 2.45, 1.60, 1.48, and 1.34, respectively. Higher value of Carotenoid : Chlorophyll-a ratio coincided with higher temperature.
INTRODUCTION
The environmental condition prevailing during the origin of cyanobacteria in Precambrian included high temperature, poor amount of free oxygen, high concentration of sulfur and lots of reducing gases like methane, ammonia, carbondioxide. These environmental conditions are similar to those of present day thermal springs (Castenholz 1969) . Geothermal springs in India, formed as a result of volcanic or tectonic activities, are characterized by high temperature and relatively abundant reduced compounds. Few organisms such as unicellular prokaryotes known as thermophiles from the domain of Archaea and Bacteria can withstand these hostile environments. In microbial mats of geothermal springs, highly developed cyanobacterial mats are common at temperature less than 74°C and pH level above 5.0. Synechococcus, Phormidium, Calothrix, Mastigocladus are some of the cyanobacterial taxa which are found in thermal springs. However their distribution pattern varies with temperature range.
The cyanobacteria living in thermal springs of the world have been studied by many workers (Castenholz 1969 (Castenholz , 1996 Brock 1978; Ward et al. 1987 Ward et al. , 1989 Sompong et al. 2005) . From India, few works have been done from western part of the country by Thomas and Gonzalves (1965) ; from Bihar (Jha and Kumar 1990; Jha 1992) , from Orissa (Adhikary 2006) . From West Bengal, Jana (1973) worked with spring water potability and planktons from Bakreswar.
Thermophiles are valued scientifically for their analogy to the ancient life forms on Earth and as a source of thermostable biocompounds. Exploration of biodiversity of thermophilic cyanobacteria is therefore an important step towards these goals. Cultivation and characterization of axenic thermophilic cyanobacterial strains yield a source of organisms for possible biotechnological exploration. In this context thermophilic cyanobacteria of Indian geothermal springs have not gained enough attention. This is the first report of the cyanobacterial flora of Bakreswar thermal spring complex. The objec-tives are to investigate the morphological and ecological diversity of thermophilic cyanobacterial mats of Bakreswar geothermal springs and establishment of axenic culture of thermophilic cyanobacteria for further study.
MATERIALS AND METHODS

Collection site
Thermal springs in the Bakreswar geothermal area (Fig. 1) , which belong to the Chhotonagpur Gressic complex of the precambrian in the eastern part of India, is characterized by highly alkaline water and high temperature. Hot water that emerge through buried fault flow in the form of springs and are named as Kharkunda (N 23°52'87", E 87°22'54"), Suryakunda (N 23°52'86", E 87°22'58"), Dudhkunda (N 23°52'87", E 87°22'57") and bathing pool (N 23°52'86", E 87°22'50").
Sampling and morphological study
The cyanobacterial mats were collected from 15 cm x 15 cm quadrates from both hard and soft substrates of four thermal springs mentioned earlier. At each site, the samples were collected from three quadrates. The mats collected were all pooled for homogenization and species count. The counting of cyanobacterial species were made with a Sedgwick-Rafter counting chamber (Clescerl et al. 1995) . Cyanobacterial abundance was assigned semiquantitatively as absent (below detection limit); rare (less than 1% of the total cell count); present (1-10%) or abundant (> 30%), by counting of cells, filaments or colonies in replicate volumes of the homogenized pooled samples (0.2 mL) from each springs.
Physiological characterization
(a) Carotenoid: chlorophyll a ratio of each mat community was determined following the method proposed by Mackinney (1941) Clescerl et al. (1995) . Free CO 2 , dissolved oxygen (DO), chloride (Cl -1 ) and inorganic phosphate (PO 4 -3 ) of water samples were determined following Clescerl et al. (1995) .
Species identification Species determination:
Cyanobacterial species were observed under microscope within 24 hours of collection. The mat samples were stained with ruthenium red and temporary preparations were made using 10% glycerol. Microphotographs were taken using Olympus-CH 40 microscope (Olympus, Tokyo, Japan) with photographic attachment. Identification of cyanobacterial samples were done following Geitler (1932) , Desikachary (1959) , Rippka et al. (1979) Anagnostidis and Komárek (1985 , 1988 and Anagnostidis (1986, 1989) . Voucher specimens have been preserved in 4% formalin and deposited in department of Botany, Visva-Bharati. 
Bakreswar Isolation from mat
The mat samples taken from spring substrates were washed by double distilled water repeatedly and placed in Petri plates and flask (for enrichment culture) containing BG-11 medium. Homogenized mat samples were also used for plating. All cultures incubated at 35 ± 2°C under 25-30 µmol photons m -2 s -1 light (14 h : 10 h L/D cycle) at incubator. Axenic cultures were obtained under aseptic condition by streaking the cells repeatedly on BG-11 medium agar plate followed by growth in liquid culture medium.
Relative species abundance
It is calculated from cyanobacterial samples collected by quadrates following Dash (2001) to get quantitative value of species occurrence for use in further statistical analysis.
Canonical Correspondence Analysis
Among the statistical methods classically applied to Multivariate data set, Canonical Correspondence Analysis (CCA) is well adapted for the study of speciesenvironment correlation. In the present study physicchemical parameters of spring water and cyanobacterial assemblage was analyzed using CANOCO version 4.5 (Biometris-Plant Research International, Wageningen, Netherlands) (ter Braak and Šmilauer 2002).
RESULTS
Physico-chemical parameters of four hot springs
Chemical analysis of surface water chemistry (Table 1) indicate that all the springs studied belong to the volcanic-Na, Cl-HCO 3 type of hot springs following the categorization of hot springs of the world as proposed by Castenholz (1969) .
Mat morphology and cyanobacterial species composition
Results show that microbial mats in geothermal springs are predominated by cyanobacterial flora. Yoneda (1952) divided cyanobacterial vegetation from hot spring into five types based on morphology-i) Synechococcus-type, ii) Cyanidium-type, iii) Mastigocladustype, iv) Oscillatoria-type, and v) Phormidium-type. Of these five types three types have been found in the present investigation and are described below-(i) Phormidium -type: The vegetation of this type is observed at spring Kharkunda, with a temperature range of 58-60°C and pH 9.3. Maximum thickness (8-9 mm) of benthic cyanobacterial mat was observed in this spring (Pl. 1, figs 3-6) with thick gelatinous matrix. The top orange-red layer of the mat consisted of Phormidium (Pl. 2, fig. 4 fig. 9 ) and Pseudanabaena. Maximum generic diversity of cyanobacteria was observed in the mats collected from these two springs.
(iii) Oscillatoria -type. This type of mat found in comparatively lower temperature spring (38-40°C). Most of the species of Oscillatoria associated with Phormidium and Lyngbya are observed here.
The identification of the most representative cyanobacteria of the communities revealed the presence of 18 species, distributed in 12 genera, seven families and four orders (Table 2) . At a temperature range of 50-60°C, P. fragile (Table 2) is the most abundant species, followed by G. gelatinosa (Pl. 2, fig. 3 ), S. lividus (Pl. 2, fig. 1 ) and Pseudoanabaena sp. (Pl. 2, fig. 8 ). In 44-50°C, F. thermalis, (Pl. 2, fig. 10 ) O. princes (Pl. 2, fig. 5 ) were most abundant (Table 2) . Thermal gradient 38-40°C, favour the occurrence the members of Oscillatoriales dominated by some species of Oscillatoria (Table 2) fig. 7 ). The only genus that is present in all the mat communities is Phormidium, adapted to a thermal gradient of 38-60°C.
CCA was done in order to explore the relationship between the species composition in individual spring and physico-chemical parameters as environmental variables. Ordination diagram (Fig. 2) was obtained from CANOCO program (ter Braak and Š milauer, 2002). According to eigenvalues, axis 1 (89.8% variation) and axis 2 (69.5% variation) were the most significant among the four axes. These two axes also explain 98.2% and 96.5% of the species-environmental correlations. Axis 1 (p = 0.01) correlated significantly with total chloride (Cl (Fig. 2) . Cyanobacterial species are well separated along both the axis indicating different physico-chemical demands for different species (Fig. 2) . It is clearly observed from the triplot of ordination diagram (Fig. 2) in spring water. The first two axes together explained 65.3% of species-environment relationship.
Physiological characterization
Three cyanobacterial strains namely Calothrix thermalis (Visva-Bharati Cyanobacterial Culture Collection 016 [VBCCC016]), Nostoc sp (VBCCC009). and Fischerella thermalis (VBCCC023) were isolated in laboratory from benthic mat obtained from Dudhkunda and Suryakunda and maintained in VBCCC. Nitrogen fixing capacities of these isolates were 5.14, 0.29, and 2.60 n mole C 2 H 4 µg-1 of Chl-a hr -1 , respectively. Carotenoid : Chlorophyll-a ratio of four mat samples collected from Kharkunda, Suryakunda, Dudhkunda and bathing pool are 2.45, 1.60, 1.48, and 1.34, respectively. Higher value of Carotenoid :
Chlorophyll-a ratio coincided with higher temperature. Such pigment content indicated that increased carotenoid content may be act as thermal protector in these mats (Castenholz 1969 ).
DISCUSSION
Temperature is one of the most important parameter for cyanobacterial species diversity in microbial mats of hot springs. The studies of Skirnisdottir et al. (2000) , Nakagawa and Fukui (2002) and Sompong et al. (2005) revealed that cyanobacterial diversity and community complexity decreased with increasing temperature. Ferris et al. (1996b) , Ferris and Ward (1997) , Ward et al. (1998) showed that at thermal gradients from 50°C to 75°C, the layered mats are characterized by the presence of unicellular forms like Synechococcus. The cyanobacterial mats occurring at the lower end of thermophily (40-50°C) are often dominated by morphologically defined filamentous cyanobacteria like Phormidium, Oscillatoria, Pseudanabaena, Calothrix and Fischerella (Ward and Castenholz 2002; Sompong et al. 2005) . However, Norris et al. (2002) have reported that at lower temperature Synechococcous also co-occurs with other unicellular and filamentous cyanobacteria. In the present study, three Synechococcous species have been found in mats that grow between 50-60°C. CCA analysis with the present data support similar observation indicating that temperature (r = 0.984) is the most influential environmental factor. Here maximum species diversity was observed in Suryakunda (50-52°C). Norris et al. (2002) , observed that a low temperature (40-47°C) Synechococcus mat from Yellowstone National park was found to support Synechococcus, Phormidium, Pseudanabaena, and Spirulina like cyanobacteria and this was more diverse than their higher temperature counterparts (60-80°C). This trend is also observed in the present study (Table 2) . Fischerella thermalis detected and isolated from Suryakunda (50-52°C) has been detected in all hot springs worldwide at a temperature below 58°C (Ward and Castenholz 2002) . Cyanobacterial communities studied in the present work can be divided into two categories according to Yoneda (1952) Apart from temperature some workers (Ward and Castenholz 2002; Sompong et al. 2005 ) also focus on the role of pH and combined nitrogen (especially ammonium), on the species distribution in cyanobacterial mat community below ~ 60°C. CCA results in the present study also support this. All springs studied are typically alkaline in nature. Highest species number was found in Suryakunda (pH 9.16, 0.06 mg L -1 ) and the lowest number was found in bathing pool (pH 8.7, 0.46 mg L -1 ).
Typical alkaline spring species found are C. minutus, Calothrix thermalis, Lyngbya lutea, and Scytonema varium. Diazotrophic cyanobacteria are able to colonize springs where nitrogen levels are low to support other taxa. Conversely they may be out-competed by non diazotrophic cyanobacteria in spring with sufficient combined nitrogen (Ward and Castenholz 2002) . In Bathing pool where combined nitrogen level is highest (Table 1) no heterocystous species were observed, only members of the Oscillatoriales (Oscillatoria, Phormidium, Lyngbya) were observed. CCA ordination diagram also support this finding (Fig. 2) . Diazotrophic cyanobacterial mats dominated by Fischerella and Calothrix usually occurred in spring (Dudhkunda and Suryakunda, respectively) with low nitrogen concentration and temperature as found in other hot spring of similar water chemistry (Stewart 1970; Wickstrom 1980) . Ammonium content varied among the water samples studied from different hot springs (Table 1) . Highest number of heterocystous filamentous species was found in Suryakund where ammonium content is lowest.
